Damage to the adult mammalian central nervous system (CNS) often results in persistent neurological deficits with limited recovery of functions. The past decade has seen increasing research efforts in neural regeneration research with the ultimate goal of achieving functional recovery. Many studies have focused on prevention of further neural damage and restoration of functional connections that are compromised after injury or pathological damage. Compared to the peripheral nervous system, the failure of the adult CNS to regenerate is largely attributed to two basic aspects: inhibitory environmental influences and decreased growth capabilities of adult CNS neurons. Since early demonstration of successful growth of injured CNS axons into grafted peripheral nerve (David and Aguayo, 1981), multiple CNS axonal growth inhibitory factors have been identified and are mainly associated with degenerating CNS myelin (such as Nogo, MAG, OMgp) and with glial scar (such as chondroitin sulfate proteoglycans, CSPGs) (Yiu and He, 2006). However, blockade of these extracellular inhibitory signals alone is often insufficient for the majority of injured axons to achieve long-distance regeneration, as intrinsic regenerative capacity of mature CNS neurons is also a critical determinant for axon re-growth(Sun et al., 2011). Combinatory strategies that enhance neuronal growth and in the meantime overcome environmental inhibitory cues appear to confer better axonal regeneration and neural repair (Wang et al., 2012).

While animal models are instrumental and indispensable to our understanding of CNS responses to injury and investigation of intervention strategies and functional regeneration, *in vitro* models have been designed to address specific and unique questions due to their accessibilities to experimental manipulations and relatively low cost. For instance, early findings from *in vitro* culture experiments formed the basis for the concept of CNS myelin-associated inhibitory molecules such as Nogo (Schwab and Thoenen, 1985; Chen et al., 2000; GrandPre et al., 2000). Attempts to identify compounds that overcome the inhibition of CNS myelin and CSPGs on neurite outgrowth in culture have revealed key neuronal signaling components that mediate the inhibitory effects of myelin and CSPGs (Sivasankaran et al., 2004). However, conventional culture system often has to use neuronal cultures at low cell density and for only a short period of time due to technical difficulties in monitoring and quantifying axonal growth. To develop effective CNS regenerative strategies, fast and reliable assessment of axonal growth would be critical not only to identify and select potentially interesting candidate molecules that promote axon extension over inhibitory molecules, but also to rule out poor ones. Equally important are considerations that neurons are highly polarized cells and that damaged axon could be extending far away from the cell body and encountering drastically different microenvironment than that of the soma. As such, signaling events elicited by extrinsic factors are most likely spatially regulated and may have different functional outputs. Over the years, compartmentalized neuronal culture systems have been developed. Now the emergence of microfluidics technology offers many advantages and versatilities for axonal growth and regeneration studies ([**Figure 1**](#F1){ref-type="fig"}).

![Schematic illustrations of compartmentalized neuron culture platforms for axon isolation.\
(A) Conventional Campenot chamber. (B) The first generation of microfluidic-based compartmentalized neuron culture platform by Taylor et al. (2005). (C) Axon growth/regeneration quantification microchip capable of guiding axonal growth by Park et al. (2014). (D, E) Close-up of (B) and (C), respectively, showing isolation scheme of the platform. (F) Isolated/guided axons inside the axon compartment of (E) at 11 days *in vitro* (axons were visualized with Calcein-AM). White dotted lines indicate the axon compartment boundary.](NRR-9-1703-g001){#F1}

Microfluidics: definition, application and advantages in axonal growth/regeneration studies {#sec1-1}
===========================================================================================

Microfluidics utilizes microfabrication techniques to produce microdevices with accurately patterned features in the range of 0.1 μm--1 mm to precisely manipulate small volumes of fluids. Traditionally, silicon and glass were major materials for microfabrication; however, polydimethylsiloxane polymer-based microfluidic devices are the most widely used due to their advantages in biocompatibility, low cost, optical transparency, practical scalability, gas permeability and easy fabrication. In the field of neuroscience, microfluidic devices have been increasingly used to achieve spatial-temporal control of cellular microenvironments such as those of the axon and soma (for review see (Millet and Gillette, 2012; Harink et al., 2013; Park et al., 2013)) to investigate axon elongation, local signaling events (Hengst et al., 2009; Taylor et al., 2009) as well as interactions with other cells such as oligodendroglia (Park et al., 2012), astrocytes (Li et al., 2012) and microglia (Hosmane et al., 2012).

We recently presented a microchip system that is capable of isolating CNS axons from neuronal cell bodies for quick and easy quantitative axonal growth analysis (Park et al., 2014) (**Figure [1C](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}, [F](#F1){ref-type="fig"}**). Similar to the earlier compartmentalized microfluidic device (Taylor et al., 2005) (**Figure [1B](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}**), the microchip utilizes height difference of microchannels to isolate axons from neuronal somata. The shallow microgroove (3 μm) blocks the passage of cell bodies while allowing axonal growth along the microchannel into the axon compartment. The hydrostatic pressure produced by different volumes filled in each chamber then provides fluidic isolation of the two compartments. Rather than random growth in the axonal compartment, directed axonal extension is readily achieved by physical barrier with microgrooves pre-patterned on the bottom of the substrate connecting the central soma compartment and the surrounding axon compartments (**Figure [1C](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}**). Each of the six satellite axon compartments is connected to the central chamber. The unique feature of this design is that the microgrooves not only isolate axons but also continue to physically guide axons to grow in straight lines, thereby allows easy experimental manipulation and automated quantitative analysis of axon growth using an image processing algorithm. Another advantage of the microdevice is that axons can be fully established and isolated without the use of nerve growth factor and prior to any experimental manipulations such as transections and treatments. Using this device and cortical neurons, we tested the effect of several extracellular matrix components and unexpectedly found an opposing effect of CSPGs on axonal growth depending on whether the neuronal cell body or the distal axon is exposed to CSPGs (Park et al., 2014). The device is a first step for further development of microfluidic systems with high throughput capacities that could be exploited to investigate key signaling components and identify potential compounds that promote axon growth and regeneration.

Current status and future direction {#sec1-2}
===================================

To achieve functional recovery, growing axons have to navigate through complex microenvironment, guided by gradients of attractive and repulsive molecules, to reach and innervate their targets. Microfluidics can be readily adapted to generate controllable distributions of guidance molecules and has thus emerged as a promising new approach to provide new insights into the mechanism of axon guidance (Dupin et al., 2013).

Glia play fundamental roles in injury and tissue remodeling and repair. *In vitro* myelination has been shown successfully using microfluidic neuron-oligodendrocyte co-culture systems (Park et al., 2012; Yang et al., 2012). Considering myelinating and non-myelinating roles of oligodendrocytes as well as diverse functions of astrocyte and microglia such as regulation of synaptic properties, control of the peri-axonal ion microenvironment and immune-modulation, understanding neuron-glia interactions during normal development as well as after injury is an important aspect of neural regenerative research. Moreover, to better understand how neuron grows and regenerates functionally in the nervous system, integrated "tissue-on-chip" model systems that better mimic the complex and systemic environments of *in vivo* situations could provide *in vitro* platforms for preclinical testing of potential therapeutic interventions. In this regard, a few 3D microfluidic neural culture devices have been developed and trans-differentiation of human adipose-derived stem cells into neurons has been achieved (Choi et al., 2011; Kunze et al., 2011).

In summary, understanding the molecular mechanisms governing neural degeneration and regeneration is a foundation for the development of potential protective and regenerative strategies for many neurological disorders and injuries. Microfluidics-based devices have emerged as new culture platforms for neurobiology research due to their excellent spatial and temporal control capacities, easy assembly, reproducibility, flexibility, amenability in imaging and biochemical analyses as well as high-throughput potentials, and are likely to play an increasingly important role in establishing physiologically relevant culture/tissue models, and help to answer some important and fundamental questions such as how growing axons convert external cues into directed movement and innervate targets and how microenvironments reminiscent those of injured CNS affect those decisions.
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